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Radar ICs is part of RF Design
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Everything is About Design Trade-offs

Noise -—» Power

/N

Linearity Frequency
Supply

Voltage Gain
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Outline

OOo0o0a0aog

RF hardware architecture

Radar block diagram

Fundamental antenna concepts

Phased array antennas

Power, noise and compression

Next — How to pick the correct radar module?

We are only talk about high-level topics, if you want to learn more...
B 18-727 Board-level system design

B 18-723 RFIC design

B 18-758 Wireless Communications
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Big picture

[0 Bistatic vs. Monostatic

Transmitter (TX)

Voice or

Data ™

Receiver (RX)

v Dy

Reconstructed

™2 Voice or Data

Bistatic radar
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Big picture

[0 Bistatic vs. Monostatic

Transmitter (TX) Receiver (RX)

Voice or ) ) Reconstructed
Data °®™=] ? ? ™ Voice or Data

Bistatic radar

transmitter & receiver monostatic radar
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Units Matter in RF Design

[0 The difference in voltage and power gain (dB)

[0 These two quantities are equal (in dB) only if the input and output voltages
appear across equal impedances

Power Gain (dB) vs Load Resistance

Load Resistance

for Voltage Amplifier
a0
Re=ource=500
35 - P‘-"’w Voltage Gain = 20dB V
B \deal Amplifier, Rout=0 0 Ul
Gy plifier, _
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£ 19 | LoadResistance=500 P.f-”
Power gain and voltage \
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Impedance Matching

0 Why? - It controls how much signal power send from the source to circuits

[0 Modern RF design agrees on 50 ohm as a typical impedance
B This number has no specific meaning but just a mutual agreement!

Antenna

MATCHING R
SOURCE I—» NEPWORIZ -
Input reflection Load reﬂgction_r—
coefficient coeffecient
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Hardware - backbone to shape signals

A

Propagation Magnetic field H [A/m] Q< /4 1 v

medium ' 1 A |rect|on.o

* Electric field E [V/m] propagation

Target \
Cross
section
Radar e
Antenna

Radar is a sensor that uses RF electromagnetic waves

[0 Target properties - reflectivity (radar cross section)

[0 Radar characteristics - transmitter power, antenna aperture, sampling rate
O Propagation medium - line-of-sight or occlusion, atmospheric attenuation
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Outline

RF hardware architecture

Radar block diagram

Fundamental antenna concepts

Phased array antennas

Power, noise and compression

Next — How to pick the correct radar module?

OOo0o0a0aog
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Radar Block Diagram

Propagation Transmitter Waveform
medium ra generator
Target \
Cross
section
Radar : Signal
Antenna Receiver processor
A minimal radar signal chain
B Waveform generation
B Transmitter receiver front-ends
B DSP modules
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Radar

essential RF components

[0 Typical radar system
B Simple block diagram, real radar systems vary based on modulation and design

Transmitter
Power Amplifier Mixer Modulator DAC
I I [
|
|
E Duplexer Local Oscillator - Waveform
: (LO) Generator
i }
L O [
RF Low noise . IF Demod
Filter Amplifier Mixer Filter ulator ADC
RV O .l ______

DSP processor
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Frequency and Bandwidth

Carrier frequency

Chirp bandwidth and resolution
IF bandwidth

Sampling rate

O 0O 0O O
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Motivation of modulation and pulses

[0 A long pulse can have the same bandwidth (resolution) as a short pulse if the
long pulse is modulated in frequency or phase

[0 Recap - we discussed Linear frequency modulation
B Will discuss more on the trade-offs later
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Matched Filter

[0 A long pulse can have the same bandwidth (resolution) as a short pulse if the
long pulse is modulated in frequency or phase

[0 Matched filter is implemented by “convolving”

¥
Pulse Spectrum Matched Filter Noise Spectrum
@ \ o E o
o = o
I~ n = ; =
i 2 I o
Q.
- 1K 2 Ny ENo
<L | < N . <
Frequency Frequency Frequency
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Linear FM Pulse Compression

O Coupling range and Doppler velocity measurements

[0 Pulse compression and filter design matters
m Why?

Example functions Convolution operation result

Linear FM wavi

|

Amplitude

M

i

—— AN
- — F e

_l4
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Outline

RF hardware architecture

Radar block diagram

Fundamental antenna concepts

Phased array antennas

Power, noise and compression

Next — How to pick the correct radar module?

OOo0o0a0aog
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Antenna Characteristics

Frequency
Gain and Radiation Pattern

Impedance and Voltage Standing Wave Ratio (VSWR)
B Determine RF power ratio transmitted

[0 Polarization
[0 Far-field vs. Near-Field

O O O
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18



Common Radar Antenna Types

Simple Patch Antenna

Parabolic Reflector (Dish) Antenna
Enclosed Radome Marine Antenna
Horn Antenna

Slot Antenna

Phased Array

OOo0o0a0aog

ground
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Patch Antenna

O It doesn’t have to be a simple rectangle

PATCH ANTENNA TYPES

(l) Bow-tie (b) Ggu tch (c) Splral

Use: UWB and wideband on
communications wi ehandperiomance

-

[]

\
(d) Slot insertion (e} Rectangular patch (f) Array antenna
Use: Multi-band and Use: Use: Phased array
dual-polarization operation lw -cost appn;mt;ns beamforming

fiﬁ

(g) Fractal (h) E-shaped patch (1) Planar iaverted-F antenna (PIFA)
Use: Miniaturizationand  Use: Dual-band and multi- oeeore ot sommesesirsid
Saalt-Dnd Gparsiien . bated mabila Comminicad ke

ground

Rule of thumb is sub-wavelength width

w ¢ €
[+ D Leff:szs_
2f, 5 o Eerr
1
s o R e | h
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Patch Antenna -TI 77GHz Microstrip Patch

0 Phased array — spacing matters

[0 Electromagnetic tools to simulate beampattern

2.7 Antenna

The BoosterPack includes onboard-etched antennas for the four receivers and three transmitters that
enable tracking multiple objects with their distance and angle information. This antenna design enables
estimation of distance and elevation angle that enables object detection in a three-dimensional plane.
Figure 10 shows the PCB antennas.

DUMMY pummy

RX1 RX2 RX3 RX4

ents £ o

Figure 10. RX and TX Antennas
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Arrays

[0 More antennas combined to better resolution and sharper beam

Isotropic
Element Array Array Phased Array
/ Phase
Combiner Shifter
i i 3 3|
c c C 4
o o o S
3 o al Q2
o o’ o 2
Direction Dire;:tion Dire;:tion Direction
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Phased Arrays and Beamforming Hardware

[0 Phase shifter and RF switch

b

WAVE FRONT .~

ELECTRICAL BEAM ANGLE

N
3Atr\J 2Atr\1 Atr\J o "V
L)
AVERRAVERRRA VIRV
v 8
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Phased Arrays and Beamforming Hardware

[0 Recap-phased array

DBF estimates DOA using the phase of signals from RX antennas
Need a signal model to develop the DSP algorithms

Assume a TX/RX antenna pair located at rpy and rgpx

Target in the far field at DOA angle ¢

Assume TX and RX fields are plane waves in opposite directions
Electric field at the TX and RX antenna locations is given by:

vyvyvyvyyy

Element , _ R
Number Erx(rpx.t) = e TX 54(1)
N Erx (rpx, t) = ¢ 7m0 TRGs (1),
: where s:(t) and s, () are the TX and RX waveforms, respectively
4 .
3 - _kTX
. kRM
2 ~z v v
d .
1 oY TX antenna at r/rx RX antenna at rgx
EE259 - Principles of Sensing for Autonomy Direction of arrival (DOA) estimation 10
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Array Size and Angular Resolution

d = A/4 separation d = A/2 separation d = A separation

7 dBi 10 dBi

\ 104dBi

‘SE SIEII El‘J 'E'I.:.'l 'IEII:II 15lﬂ 180 0 30 60 90 120 150 1800 30 60 9 120 150 180
Angle off Array (deg) Angle off Array (deg) Angle off Array (deg)
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Array Size and Angular Resolution

N =10 Elements

N = 20 Elements

N = 40 Elements

20[

Gain (dBi)

10dBi

" E
WL LUT LU LR - DU L

30 60 90 120 150 1800

30

Angle off Array (deg)

80 90 120 150 180 O

Angle off Array (deg)

16 dBi

30 60 90 120 150 180
Angle off Array (deg)
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Research in Antenna

[0 New directions in
B Dynamic Metasurface Antenna
B Leaky-Wave Antenna
B Wearable soft Antenna
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Polarization and Fields Regions

0 “Handed-ness”
[0 Observation of electric field direction

Magnetic field H [A/m] : A 4 5 ;
* irection o

Electric field £/ [V/m] ALY ) propagation

Right-Hand
(RHCP)

Left-Hand
(LHCP)

Propagation Direction
Into Paper

[] Electric Field
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Polarization matters

O Choose between circularly polarized (CP) or linear polarization (LP)

direction of propagation

W R A

Lmear N Clrcular ' Elliptical
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Polarization matters

O Choose between circularly polarized (CP) or linear polarization (LP)

O CP
B Right-hand (rotates clockwise) vs. Left-hand (rotates counter-clockwise)
B Prevents signal loss due to multipath
B Better resistant to interference

O LP
B Electric field oscillates at an angle
B Orientation sensitive
B Special type is Slant Polarization in 45-degrees
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Polarization Based Research System Design

[0 Radar measurements is sensitive to orientation [POLySight SenSys'26]
[0 Marker that only visible to radar in one orientation [PolarVisor Mobicom’25]

-
supported E Y Y supported E
| ek Rx

1
L

H

Materials H

marker changes
polarization

Marker
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Polarization and Fields Regions

[0 Distance and power loss

Reactive Near-Field Region

Energy is stored in vicinity of antenna

R<0.62y/D° /2

Near-field antenna quantities

Input impedance
Mutual coupling

Far-field (Fraunhofer) Region

R>2D*/A

* All power is radiated out
* Radiated wave is a plane wave
* Far-field antenna quantities

— Pattern

— Gain and directivity

— Polarization

— Radar cross section (RCS)

» Wave Propagation

Radiating Near-Field
Fresnel) Region

Direction

Wave Fronts

Far-Field (Fraunhofer)
Region
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Target Radar Cross Section

[0 Recap

R
Incident Energy _ ‘

Target

Radar

Antenna .

Radar Cross Section (RCS or ¢ ) is a measure of the
energy that a radar target intercepts and scatters
back toward the radar

Reflected Energy

o = radar cross section

Power of reflected P.G, o units (meters)?
signal at target 4 1 R2
Power density of
Power density of reflected P, G, o reflected Signa!rfa"s
signal at the radar 4nR?2 47 R2 off as (1/R?)

i

—=

i

Figure 1. Concept of Radar Cross Section

i

Azimuth/m

-0.5 0 05 1
Range/m

15 -1 0.5 0 0.5 1 1.5 -1
Range/m

(a) (b)
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Propagation and Power Loss

Recap - radar range equation

Power of reflected
P.G A
signal from targetand P,= St S
received by radar 4nR? 4nR?

P, = power received

A, = effective area of
receiving antenna

Sept 2026 CMU ECE
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Propagation and Power Loss

lgi __ jp%(;2;X2CT
N  (47)3R*kT,B,L

Why it matters? - The maximum detecting range

P PrxGb. b0 ,
W, = - + W
A R2 (47)% R4 (W/m™)
Prx G2(0,. 6 )\20 L1 %
B-1na,x — = (ﬁt Ot) ’ (m)
(47)? P
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Constant False Alarm Rate Thresholding

[0 Problem: Must know (or estimate) noise floor to set threshold

[0 Solution: Estimate noise floor using noise
B Adaptive thresholding

O CFAR thresholding
B test cell / noise floor estimate > threshold

Sept 2026 CMU ECE

36



Outline

RF hardware architecture

Radar block diagram

Fundamental antenna concepts

Phased array antennas

Power, noise and compression

Next — How to pick the correct radar module?

OOo0o0a0aog
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Radar Block Diagram

i Transmitter

I Power Amplifier Mixer Modulator DAC

I

|

i D_ a-) S ‘| ____________________________________ | __________
: el |

i > 5 Duplexer Local Oscillator ., Waveform

I > I (LO) Generator

I 5 |

|

i D < S } --------------------------------------------
|

! RF Low noise . IF Demod

i Antenna Array Filter Amplifier Mixer Filter ulator ADC
S ReceIVer e .l ______

DSP processor
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High-order Nonlinearity in Silicon

[0 Harmonic distortion: New signals at integer multiples of original frequency

[0 Intermodulation distortion (IMD): Mixes two or more signals together

that jam nearby channels

[0 Gain compression: The output signal becomes weaker when the input gets

too strong |
Pinch off
< | 2 Linear \
o |L_region
- Vs =7V
?, 3 Saturation
= region
O Vis = 6.5V
=
o
o Vs =6V
1 Cutoff region e,
Drain - Source Voltage Vps (V)
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Radar Block Diagram

i Transmitter

I Power Amplifier Mixer Modulator DAC

I

|

i D_ a-) S ‘| ____________________________________ | __________
: el |

i > 5 Duplexer Local Oscillator . Waveform

I > I (LO) Generator

I 5 |

|

i D < S } --------------------------------------------
|

! RF Low noise . IF Demod

i Antenna Array Filter Amplifier Mixer Filter ulator ADC
S ReceIVer e .l ______

DSP processor
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Modulation and Artifact profile

O Different artifacts based on modulation

[0 RF architecture introduces “noises” in both time and frequency
B Time-limited pulse — Intersymbol Interference
B Frequency spectrum is not perfect

R,
] |_ Vi, o———4 Vout /W\ ‘.
T < Sx(r)
(a) )
.2
Vi SiNG
r
—_— ——
III'f:;ut /’—:\/:\\\ /: -
t |l
NN o 1 2 3 7%
Vout /—\/\/\ Th TIJ Tb
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Mixer and LO artifacts

[0 Mixers translate the received RF signal to IF or baseband

[0 LO leakage creates unwanted harmonics
B Problem of Image - “image” revealing that two spectra located symmetrically
B Phase noise energy and spectrum

Acos wpt = Acos(wiy — ool '
* MM AN
= Acos(wip — wig)l f.i!

| —mm—mm —iﬂm+mu} ﬂ+mm—mL0 +[ﬂm+[ﬂ-"m m

—WLo 0 ""mLE] [t]
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Noise Figure and Sensitivity

O 0O 0O O

m N =KTB

| Antenna —
' HS n,AS i ¢

Receiver noise sets the weakest detectable target

LNA noise figure strongly affects the receiver chain

Noise figure - defines the ratio of power (voltage squared)
Thermal noise power increases with bandwidth

i s 0! i n i

: + 1 i |

LNA | - :
g + Pl Noiseless i

Vout Vin( ) AR ’_» Circuit 5

(a) (b

NE — SNR;,
SITR{:H;

SNR;

NF|4p = 10log — 2

~ SNRour
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Overall Sensitivity

0 The minimum signal level that a receiver can detect with “acceptable quality.”

SNR;y,
F =
SNRour

_ P.H';:_?X{PE.S'
SNRoyr

P_'.e'g = Pps - NF - SNR ;.
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Radar Block Diagram

i Transmitter

I Power Amplifier Mixer Modulator DAC

I

|

i D_ a-) A ‘| ____________________________________ | __________
: el |

i > 5 Duplexer Local Oscillator ., Waveform

I > I (LO) Generator

I 5 |

|

i D < S } --------------------------------------------
|

! RF Low noise . IF Demod

i Antenna Array Filter Amplifier Mixer Filter ulator ADC
S ReceIVer e .l ______

DSP processor
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Filters

[0 Distinguish between out-of-band interferers and in-band interferers
0 Also introduce noise!

T LNA
BPF

Desired LNA Vour
Channel
—=1 BPF AFD
I-'tecewe NFina — 1
Band ; |_| NFr = NFfyy + [
m - =L+ (NFina — 1)L
= L-NFinu.
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Cascade Filters based on Design

[0 REF filter — select desired RF band and reject the others

0 IF filter — choose the correct beat frequency after mixing
B Remove images

Sept 2026 CMU ECE
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Radar Block Diagram

i Transmitter

I Power Amplifier Mixer Modulator DAC

I

|

i D_ a-) S ‘| ____________________________________ | __________
: el |

i > 5 Duplexer Local Oscillator ., Waveform

I > I (LO) Generator

I 5 |

|

i D < S } --------------------------------------------
|

: RF Low noise - IF Demod

i Antenna Array Filter Amplifier Mixer Filter ulator ADC

b e e Receiver .l ______

DSP processor
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Which part is nonlinear?

[0 Frequency dependent?
0 Or Waveform dependent (transient)?

Pinch off

< 2 Linear
:é region
Vgs = 7V
u .
S 3 Saturation
g region
O Vis = 6.5V
=
g
@) Vs =6V

1 Cutoff region s,
Drain - Source Voltage Vps (V)
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Which part is nonlinear?

[0 Frequency dependent?
O Or Waveform dependent (transient)?

- Pinch off
I

Vgs = 7.5V
< 2 Linear I
e region !

Vgs = 7V
u .
S 3 Saturation
g region
O Vs = 6.5V
£
g
@) Vis = 6V

1 Cutoff region g

Drain - Source Voltage Ve (V)
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Nonlinearity in RF Components

Nonlinear input-output behavior

Large signals create harmonics and intermodulation products
Gain compression reduces amplitude accuracy

Harmonic distortions

O 0O 0O O

Vi) = ap + a1 x(r) + Et'j.l’z{f} + ﬂ.‘].lj{f} + e,
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Harmonic Distortion

[0 Frequency components with integer multiples of input frequency

y(1)

y(f) ~ ox(t) + ﬂfg}(z(f) + f:z3,>:3(f)

,
o1 A cos wf + {1’2/-12 cos” wt + 0:3A3 COS

A2
b

a2 A
1A cos wt + T(l + cos 2wt) +|

+ (FrLA +

2

3a3A3

) cos wf +

a3A

o A

3

ol

3

2

(3 cos wt + cos 3wt)

cos 2wt +

A3

s

cos 3wt
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Third-Order Intermodulation and IP3

[0 Third-order products are harmful because they fall near the desired band
m 2fl -f2 and 2f2 - f1

O IP3 estimates how quickly third-order distortion grows

O Higher IP3 means good linearity and less signal distortions

L // y

oP;pF————————————————— — — — — — 1{4— Intercept
7 .

‘L /1) powmt, IP;

OP\ggf-———————————————— - |- _
C ompression

o (dBm)

2l
‘IU

Ll [

IP g 1IP,

P, (dBm)
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Why cannot we chain a lot of amplifiers?

[0 Noise will accumulate
[0 Distortion will also be amplified
[0 Stability and bandwidth shrinks fast

Driver
Am pllﬂer{s]

Low Power Signal

- WF—~{E} }Www D{\WWWWMW HPA 3 I'J

PA = Power Amplifier |
HPA = High Power Amplifier
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Radar Block Diagram

i Transmitter

I Power Amplifier Mixer Modulator DAC

I

|

i D_ a-) A ‘| ____________________________________ | __________
: el |

i > 5 Duplexer Local Oscillator ., Waveform

I > I (LO) Generator

I 5 |

|

i D < S } --------------------------------------------
|

! RF Low noise . IF Demod

i Antenna Array Filter Amplifier Mixer Filter ulator [2)E
S ReceIVer e .l ______

DSP processor
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Sampling and Quantization

O ADC sampling rate must cover the IF bandwidth
B Insufficient sampling causes aliasing and false frequency content
B Effective number of bits, ENOB compresses noise and distortion as one number

A o
*°
-
L 4
o7
o |
'0
5 +2 LSB Error S’
< gt
o O K
(&) g
:_3 Digitizing ‘a‘.
= Ill_evels or o * Analog Waveform
a Quanta” | > B
&
e |
—_e
ol ,
O 1 Sample
..." A Points
>

Analog Signal In
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Other factors?

Sept 2026
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Transceiver Architecture Design

0 Which architecture to use?

Heterodyne Transmitter/Receiver
Direct-Conversion (Zero-IF) Transmitter/Receiver
Image-reject Receiver

Low-IF Receiver

Sliding-IF Transmitter

O Typical FMCW radar is Direct-Conversion (Zero-IF) Receiver
B TX and RX chirps are mixed directly to get beat frequency

sTx (t) = cos(27] fot

S[{i(ﬁ) ~= CDS(??T[f[].(f T} i

ba = b | =
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Modulation and Artifact profile

[0 Harmonics occur at integer multiples of the original frequency
[0 For chirps, harmonics create extra chirp-like components

Sept 2026 CMU ECE
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Outline

RF hardware architecture

Radar block diagram

Fundamental antenna concepts

Phased array antennas

Power, noise and compression

Next — How to pick the correct radar module?

OOo0o0a0aog
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Setup and Choosing Components

[0 Radar receivers must handle strong leakage and weak
[0 Dynamic range links noise figure, gain, linearity, and ADC resolution
O FMCW radar is sensitive to phase noise, chirp nonlinearity, and leakage

Sept 2026 CMU ECE
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Walk-through example — TI Radar modules

» Target DOA is determined by azimuth and elevation angles (6, ¢)

917 mm

» Need a 2D virtual array to estimate both # and ¢

v
-
» Since # and ¢ can be estimated independently, we consider 1D ®
virtual arrays and estimate # only to simplify the notation §
7
£
w e
2D, 7 element MIMO physical array 2D, 12 element virtual array % Gfillwojlig'ﬂ\(?)
‘ |1) el T~
TX, RX; RX» RX; RXy | RXs; RXe RX; RXs =
o
O

vVVVVV:, VVVV
\/ VvV VVVVVVVYV

TX4 TX; . RX; RX:; RX; RXy RXy RXj0 RXyj1 RXp

—— H-plane gain ]
— E-plane gain |

o~
Sy )
~, L

TSP M

10
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Main Reference

O
O

MIT Lincoln Laboratory Radar Course
“"RF Microelectronics,” by Behzad Razavi, 2nd Edition
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